Abstract: A mechanical linear sliding phase shifter using waffle-iron ridge guides (WRG) and its application to a beam steering antenna are shown. The structure of the new phase shifter is simpler than we have presented previously in that the number of metal layers has been reduced. Another advantage of the new phase shifter is that with it simple beam steering antennas can be realized. This paper explains the principle and the characteristics of the phase shifter and gives an example of a beam steering antenna. Keywords: waffle-iron, phase shifter, beam steering, antenna Classification: Antennas and Propagation
manufactured using many semiconductor devices working in those high frequency bands, which is too costly for consumer devices or small systems. In order to reduce costs, we proposed a low-cost phase shifter for 76.5 GHz radar systems [1] , which employed a new waveguide technology, the so-called Metamaterial Ridged Waveguide [2, 3] or Gap Waveguide [4] . In this paper we rename this the Waffleiron Ridge Guide (WRG). In the WRG there are no metal contacts between the upper and lower metal plates. Since contact between the metal plates is unnecessary, they can be made to slide mechanically with respect to each other, thus changing the length of the waveguide to realize a phase shifter. In this paper we propose a new phase shifter and a new beam steering antenna using a WRG with periodic bumps on the upper metal surface, which is simpler than the ones we have proposed previously [1] .
2 Configuration of the new phase shifter Fig. 1(a) shows the basic structure of the new phase shifter. This has two special features. The first feature is the same as that of the WRGs already described in the literature [1, 2, 3, 4] in which there are many rods and a =4 high ridge on the lower metal plate. The second feature is a series of periodic bumps on the surface of the upper metal plate in line with the ridge. As shown in Fig. 1(a) , the height, thickness, width and spacing of the bumps are h, t, =8 and =4, respectively. The top and bottom levels of the ridge are lower than those of the rods by =16 in order that the ridge and the bumps do not come into contact as depicted in Fig. 1(a) . In this paper the depth beside the ridge is different from that in our previous paper [5] . As shown in Fig. 1(a) , the new phase shifter has one phase shifting part and two matching parts on either side of the phase shifting part. The matching parts have bumps whose height changes linearly between the outside of the phase shifter and the phase shifting part in order to keep matching when the upper metal plate is slid. Fig. 1(b) shows cross sections of the phase shifters for the conditions when the upper metal plate is mechanically slid with respect to the lower metal plate. The xy cross sections at z ¼ 0 are shown in (i), (ii) and (iii), and the zx cross sections at y ¼ 0 are shown in (iv), (v) and (vi), respectively. The arrows in the xy cross sections indicate the fields generated by RF energy in the WRG, and the lines in the zx cross sections indicate the current flow in the WRG. The principle of the new phase shifter can be explained as follows. In (i) and (iv) in which the position of the bumps is at the centre of the ridge, most of the field is confined between the ridge surface and the bumps on the upper metal plate, so that the current flow meanders. In (ii) and (v) in which the upper metal plate has been slid a certain distance, the field is distributed partly to the bumps and partly to the surface of the upper metal plate, so that the current flow is slightly straightened and more direct. In (iii) and (vi) in which the upper metal plate has been slid further, most of the field is between the ridge and the surface of the upper metal plate, so that the current flow is even more direct. The above discussion tells us that when the bumps on the upper metal plate are moved away from the centre of the ridge, the current path becomes shorter. This shortening of the current path is equivalent to shortening the waveguide, and this is equivalent to increasing the wavelength in the waveguide. Consequently, sliding the upper metal plate has the effect of phase shifting.
As explained above and shown in the figures, this new phase shifter uses only two metal plates compared to the one using three metal plates we proposed previously [1] . Thus, the use of this new phase shifter can reduce costs and the size of beam steering antennas.
3 Characteristics of the new phase shifter Fig. 2 shows the characteristics of the new phase shifter, which have been calculated by EM-simulation for a model with perfect conductivity. The model has fifteen bumps in the phase shifting part and ten bumps in the matching parts. Fig. 2(a) shows the input matching and insertion loss characteristics, and Fig. 2(b) shows the insertion phase shift characteristics. Figs. 2(a) and 2(b) are plotted as functions of the position of the bumps from the centre of the ridge in the y-direction for various heights, h, and thicknesses, t, of the bumps. The horizontal axes in Fig. 2(a) and Fig. 2(b) are normalized by =8. From Fig. 2(a) , we find the following trends and results. 1. With the bumps closer to the ridge the input matching and insertion loss deteriorate, a trend that increases with the height of the bumps. This shows that the input matching is very sensitive to the height of the bumps. 2. The worst input matching is less than −10 dB, which means that the matching part works effectively. From Fig. 2(b) , we find following trends and results. 1. The higher and thicker the bumps are, the bigger the phase shift. The largest phase shift of more than 11 radians is obtained for bumps with h ¼ =8 and t ¼ =16. 2. The phase shift is very sensitive to the height of the bumps, whereas it is not very sensitive to the thickness. For example, with h ¼ =8 and t ¼ =16, changing the thickness by a factor of 4 from =16 to =64 reduces the phase shift by 25%, whereas changing the height by a factor of 4 from =8 to =32 reduces the phase shift by 95%.
Using the results shown in Fig. 2 , we chose h ¼ =8 and t ¼ =16 for an application to a beam steering antenna. This is described in the following section. Fig. 3(a) shows the configuration of a beam steering antenna using four phase shifters. The phase shifters provide the choke parts at the I/O ports using an impedance converting technique of the quarter-wavelength waveguides that converts the short impedance to an imaginary open circuit and an imaginary short circuit sequentially. The choke parts keep the RF energy confined in the region of the phase shifter when the upper plate is slid. All four phase shifters are on the same upper and lower metal plates with the distance between adjacent phase shifters being 3=4. The RF source is divided into four signals with the same phase and magnitude, and these are input to the I/O ports. The four signals passing through each phase shifter are directed to the four antenna elements spaced by 3=4. Between adjacent phase shifters, the number of bumps in the phase shifting parts differs by one. Thereby the differential phase shifts between adjacent antenna elements remain the same when the upper metal plate is slid. Consequently, when the upper metal plate is slid, the direction of the main beam, which depends on the phase changes in the waveguides, changes according to the position of the upper metal plate. Fig. 3(b) shows the beam changing characteristics as a function of the position of the upper metal plate in the y direction shown in Fig. 3(a) . The origin is where the bumps are in line with the centre of the ridge. The height, h, and width, t, of the bumps are =8 and =16, respectively, the number of bumps between adjacent phase shifters differs by one, and the element spacing is 3=4. As shown in Fig. 3(b) , a beam steering angle of more than 7 degrees has been obtained. 
Application to beam steering antenna

Conclusion
A new phase shifter with periodic bumps on the upper metal plate of a WRG is proposed. By EM-simulation, a phase shift of more than 11 radians can be achieved when the height, h, and width, t, of the bumps are =8 and =16, respectively. The beam steering characteristics of a beam steering antenna using the new phase shifter are explained. With h ¼ =8 and t ¼ =16, and the number of bumps between adjacent phase shifters differs by one, and the element spacing is 3=4, a beam steering angle of more than 7 degrees is obtained.
